Duchenne muscular dystrophy (DMD) is a severe, progressive muscle disease caused by mutations in the dystrophin gene. The majority of DMD mutations are deletions that prematurely terminate the dystrophin protein.
INTRODUCTION
Muscular dystrophies comprise a group of more than 30 genetic diseases characterized by progressive weakness and degeneration of skeletal muscles (1) (2) (3) . Duchenne muscular dystrophy (DMD) is one of the most severe muscle diseases, affecting~1 in 5000 boys and causing premature death from respiratory failure caused by diaphragm insufficiency, cardiomyopathy, and heart failure. The disease is caused by mutations in the DMD gene encoding dystrophin, a large intracellular protein that links the dystroglycan complex at the cell surface with the underlying cytoskeleton, thereby maintaining integrity of muscle cell membranes during contraction (4, 5) . The absence of dystrophin results in membrane fragility and muscle degeneration.
Despite numerous therapeutic strategies to restore muscle function in DMD, including myoblast transfer, viral delivery of missing proteins, and oligonucleotide-mediated exon skipping, there remains no cure for the disease (6) (7) (8) (9) . A variety of gene therapy approaches for DMD are in development, including delivery of microdystrophin by an adenoassociated virus (AAV9) vector (10) (11) (12) . However, these truncated forms of dystrophin are not fully functional, and episomal AAV9 vectors are gradually lost over time (13) . We and others have recently used clustered regularly interspaced short palindromic repeat/CRISPR-associated 9 (CRISPR/Cas9)-mediated genome editing to correct the dystrophin gene (Dmd) mutation in cells (14, 15) and postnatal mdx mice, a model of DMD that harbors a nonsense mutation in exon 23 (16) (17) (18) . Others have applied similar strategies in mdx 4cv mice, which contain a nonsense mutation in exon 53 (19) . In addition, we have shown that the Cas9-related endonuclease Cpf1 can correct the Dmd mutation in mdx mice (20) .
More than 4000 DMD mutations have been identified in humans. The majority of mutations are deletions that cluster in hotspots, such that skipping of out-of-frame exons can potentially restore the reading frame of the dystrophin protein (21) . The rationale for exon skipping is based on the genetic difference between patients with DMD and patients with Becker muscular dystrophy (BMD). In DMD patients, the reading frame of dystrophin mRNA is disrupted, resulting in prematurely truncated and unstable proteins that are degraded in muscle cells. In contrast, BMD patients harbor mutations in the DMD gene that maintain the reading frame, allowing the production of internally deleted but partially functional dystrophin proteins, often leading to milder disease symptoms than in DMD patients (22) (23) (24) . The mouse Dmd and human DMD genes each contain 79 exons, which are conserved with respect to intron-exon junctions and splicing patterns. The most common hotspot region for DMD mutations lies between exons 45 and 55, where skipping or restoring the reading frame of exon 51 can restore the open reading frame in 13 to 14% of DMD patients.
Exon deletions account for~60 to 70% of human DMD mutations, with deletion of exon 50 representing one of the most common single exon deletions (25, 26) . All previous studies of CRISPR/Cas9-mediated exon skipping in mice focused on mdx or mdx4 cv mice, which harbor nonsense mutations, so we used CRISPR/Cas9 to generate a new mouse model of DMD that lacks exon 50 (referred to as DEx50 mice). These mice exhibited severely dystrophic myofibers, providing a model for this prevalent human DMD mutation. We found that systemic delivery of Cas9 and an expression cassette encoding a single guide RNA (sgRNA) targeting genomic sequences adjacent to the splice acceptor of exon 51 created reframing mutations and allowed skipping of exon 51 and reframing of the gene. This resulted in the restoration of up to 90% of normal wildtype dystrophin expression in DEx50 mouse skeletal and heart muscles.
RESULTS
Engineering a mouse model with a common human DMD exon deletion To optimize gene editing in vivo, we first generated mice lacking exon 50 of the Dmd gene, using the CRISPR/Cas9 system directed by two sgRNAs targeting sequences in the surrounding introns (Fig. 1A and  fig. S1A ). F 0 generation pups were screened for indels, and a founder with a 245-base pair (bp) deletion that completely eliminated exon 50 was chosen for further analysis ( fig. S1 ). These mice, referred to as DEx50 mice, genomically mimic one of the most common single exon deletions in a mutational hotspot region for DMD in humans. Deletion of exon 50 was confirmed by DNA sequencing of reverse transcription polymerase chain reaction (RT-PCR) products using primers for sequences in exons 48 and 55 (Fig. 1B) . Deletion of exon 50 placed the Dmd gene out of frame, preventing production of dystrophin protein in the skeletal muscle and the heart (Fig. 1 , C to E). As in the mdx mouse model, muscles from DEx50 mice displayed necrosis by 3 weeks of age ( fig. S1B ). DEx50 mice showed severely dystrophic muscle with necrotic fibers and inflammatory infiltration by 2 months of age (Fig. 1D) , and elevation of serum creatine kinase (CK) (Fig. 1F) , indicative of muscle damage. Similarly, as seen in mdx mice, muscles from DEx50 mice displayed variability in fiber size with aggregated necrotic, regenerative fibers recognizable by centralized nuclei, and the presence of few revertant fibers (figs. S1 to S3). Grip strength analysis compared to wild-type mice revealed a similar decrease in muscle strength in both mdx mice and DEx50 mice by 2 and 5 months of age, respectively (fig .  S3 , B and C). Thus, by all evaluated parameters, the severity and progression of disease were comparable in DEx50 mice and mdx mice (Fig. 1F and figs. S1 to S3).
Tailoring a single DNA cut genome editing strategy Proper exon splicing requires 3′ and 5′ splice acceptor and donor sites of exons. Exons also contain splicing regulatory sequences, such as an exonic splicing enhancer (ESE) sequence that is responsible for proper recognition by the splicing machinery and inclusion of the exon into the mRNA. A Web-based ESE-Finder helps predict putative ESE sequences within exons, based on the target sequence motifs of the most To correct the dystrophin reading frame in DEx50 mice ( Fig. 2A) , we designed a sgRNA that targets a region adjacent to the exon 51 splice acceptor site (referred to as sgRNA-51) and cuts 9 bp away from the intron-exon junction (Fig. 2B) . We used Streptococcus pyogenes Cas9, which requires NAG/NGG as a protospacer adjacent motif (PAM) sequence, to generate a doublestrand DNA break (29) (30) (31) .
First, we evaluated the DNA cutting activity of Cas9 coupled with sgRNA-51 in 10T1/2 mouse fibroblasts using the mismatch-specific T7 endonuclease I (T7E1) assay ( fig. S5A ). To investigate the type of mutations generated by Cas9 coupled with sgRNA-51, we performed genomic deep-sequencing analysis. The sequencing analysis revealed that 9.3% of mutations contained a single adenosine (A) insertion three nucleotides 3′ of the PAM sequence. In addition, 7.3% of mutations contained deletions covering the splice acceptor site and a highly predicted ESE site for exon 51 (Fig. 2C) . The sgRNA-51 corresponds to a highly conserved region of the Dmd gene ( fig. S5C ). Therefore, we tested the ability of Cas9 and human sgRNA-51 to cut the human Dmd locus in 293T cells. The T7E1 assay revealed clear cleavage at the predicted site ( fig. S5B) . Similarly, sequence analysis revealed that Cas9 coupled with human sgRNA-51 generated the same adenosine insertion and a different range of deletions around the cleavage site ( fig. S5C ).
For the in vivo delivery of Cas9 and sgRNA-51 to the skeletal muscle and heart tissue, we used AAV9, which displays preferential tropism for these tissues (32) . To further enhance muscle-specific expression, we used an AAV9-Cas9 vector (CK8e-Cas9-shortPolyA), which contains a muscle-specific CK regulatory cassette, referred to as the CK8e promoter, which is highly specific for expression in the muscle and the heart (Fig. 2D) (33) . Together, this 436-bp musclespecific cassette and the 4101-bp Cas9 complementary DNA (cDNA) are within the packaging limit of AAV9 (32, 34) . Expression of each sgRNA was driven by three RNA polymerase III promoters (U6, H1, and 7SK) (Fig. 2D) .
Correction of the dystrophin reading frame in DEx50 mice by a single DNA cut After intramuscular injection of mice at postnatal day 12 (P12) with 5 × 10 10 AAV9 viral genomes (vg), we analyzed the tibialis anterior muscles. Western blot analysis of the tibialis anterior muscles confirmed Cas9 expression in the injected muscles ( fig. S6 ). In vivo targeting efficiency was estimated by RT-PCR with primers for sequences in exons 48 and 53 and the T7E1 assay for the targeted genomic regions. To investigate whether we achieved efficient target cleavage, we amplified a 771-bp region spanning the target site and analyzed it using the T7EI assay ( fig. S7A ). The activity of SpCas9 with the corresponding sgRNA was analyzed on the target site. T7EI assays revealed mutagenesis of the Dmd locus after delivery of AAV-Cas9 and AAV9-sgRNA-51 ( fig. S7A ). Control mice were injected with AAV9-Cas9 without AAV9-sgRNA-51. To investigate the type of mutations generated in DEx50 mice injected with Cas9 and sgRNA-expressing AAV9s, we analyzed genomic PCR amplification products spanning the target site by amplicon deepsequencing analysis. Deep sequencing of the targeted region indicated that 27.9% of total reads contained changes at the targeted genomic site ( fig. S7B ). On average, 15% of the identified mutations contained the same adenosine insertion seen in mouse 10T1/2 and human 293 cells in vitro. The deletions identified using this method encompassed a highly predicted ESE site for exon 51 (figs. S5B and S7B). However, this method did not identify larger deletions that might occur beyond the annealing sites of the primers used for PCR. Given that these tissue biopsies contained a mixture of muscle and nonmuscle cells, the method probably underrepresented the actual efficiency of gene editing within muscle cells.
RT-PCR products of RNA from the muscle of DEx50 mice injected intramuscularly with AAV9-Cas9 and AAV9-sgRNA-51 showed that deletion of exon 51 (DEx50-51) allowed splicing from exon 49 to 52 (Fig. 3A , lower band). By sequencing RT-PCR products of the DEx50-51 band, we confirmed that exon 49 was spliced to exon 52 (Fig. 3C ). To further define the mutations introduced by our gene editing strategy, RT-PCR amplification products from four samples were directly subjected to topoisomerase-based thymidine to adenosine (TOPO-TA) cloning without gel purification, and then sequenced. Sequence analysis of 40 clones from each sample showed that in addition to exon 51-skipped cDNA products (DEx50-51) identified in 15% of sequenced clones, DEx50 mice injected with AAV9-Cas9 and AAV9-sgRNA-51 showed a high frequency of reframing events. Of the sequenced clones, 63% contained a single nucleotide insertion in the sequence of exon 51 (Fig. 3 , B and C). The most dominant insertion mutation seen was an adenosine insertion.
On gels, the PCR products with the adenosine insertion were indistinguishable in size from nonedited cDNA products, so we performed deep-sequencing analysis to determine their abundance compared to other small insertions. Deep sequencing of the upper band containing the nonedited cDNA product and reframed cDNA products indicated that 69.22% of total reads contained reframed cDNA products with an adenosine insertion, 17.71% contained nonedited cDNA product, and the rest contained small deletions and insertions (Fig. 3D) . The deep-sequencing analysis of uninjected DEx50 mice confirmed that the adenosine insertion was a result of Cas9-generated editing. These amplicon deep-sequencing results confirmed our results from TOPO-TA cloning and sequencing. Together, our RT-PCR analysis revealed that DEx50 mice injected with AAV9-Cas9 and AAV9-sgRNA-51 showed a high requency of reframing events with cDNA products containing an adenosine insertion in the sequence of exon 51 in addition to exon 51 skipping events resulting from deletion in a highly conserved ESE region.
Defining the off-target activity of the Cas9 single-cut DNA strategy in vivo To evaluate the specificity of our gene editing approach, we analyzed predicted off-target genomic sites for possible promiscuous editing. A total of 6 potential genome-wide off-target sites (OT1 to OT6) (table S1) were predicted in coding exons and 47 in noncoding regions (table S2) by the CRISPR design tool (http://crispr.mit.edu/). Using PCR followed by the T7E1 assay, only the target site for Dmd exon 51 in DEx50 mice treated with AAV9-Cas9 and AAV9-sgRNA-51 showed cleavage bands, and no off-target effects were detected in the six potential off-target sites ( fig. S8 ). Genomic PCR amplification products spanning target sites were also isolated and cloned. DNA sequence analysis of the genomic PCR amplicons confirmed the absence of sgRNA/Cas9-mediated mutations at the predicted sites ( fig. S9 ). In addition, we performed deep sequencing at the top predicted off-target sites within protein-coding exons. None of these sites revealed significantly more sequence alterations than the background analysis performed with other regions of the amplicons ( fig. S10 ).
Restoration of dystrophin expression after intramuscular AAV9 delivery of Cas9 and sgRNA-51
We performed histological analysis of the tibialis anterior muscle of DEx50 mice injected with AAV9-Cas9 and AAV9-sgRNA-51 to evaluate the number of muscle fibers that expressed dystrophin. Immunohistochemical staining of dystrophin in the muscle from DEx50 mice injected with AAV9-Cas9 and AAV9-sgRNA-51 revealed restoration of dystrophin in an average of 99.5± 0.7% of fibers (Fig. 4, A and B and fig. S11 ). It should be noted that although 99.5% of the total fibers exhibited dystrophin immunostaining, the close packing of fibers introduced the possibility that some negative fibers surrounded by positive fibers might appear falsely positive. Thus, the actual number of positive fibers could be slightly lower than 99.5%. Hematoxylin and eosin (H&E) staining showed that histopathologic hallmarks of muscular dystrophy, such as necrotic myofibers and regenerated fibers with central nuclei, were diminished in the tibialis anterior muscle at 3 weeks after AAV9-Cas9/sgRNA-51 delivery (Fig. 4 and fig. S12 ). Quantitative analysis of the distribution of myofiber area and centrally nucleated fibers showed an improvement in AAV9-Cas9/sgRNA-51-treated muscles compared to DEx50 mouse control muscle injected with AAV9-Cas9 alone without sgRNAs ( fig. S13 ). Western blot analysis confirmed the restoration of dystrophin expression in skeletal muscle (Fig. 4, C and D) .
AAV9-Cas9/sgRNA-51 delivered by intramuscular injection leaked into the bloodstream, allowing efficient gene correction in the heart tissue. Dystrophin immunohistochemistry of the heart tissue from DEx50 mice injected intramuscularly with AAV9-Cas9/sgRNA-51 revealed extensive dystrophin-positive cardiomyocytes ( fig. S14A ). Western blot analysis confirmed the restoration of dystrophin expression in the cardiac muscle ( fig. S14B ).
Dystrophin gene editing in DEx50 mice by systemic AAV delivery of Cas9 and sgRNA-51 On the basis of the high dystrophin correction efficiency observed for DEx50 mice after intramuscular injection of AAV9-Cas9 and AAV9-sgRNA-51, we next tested for rescue of the disease phenotype by intraperitoneal injection of AAV9-Cas9 and AAV9-sgRNA-51 into DEx50 mice, which allowed for systemic distribution of the AAV9 vectors. Systemic delivery of 6.3 × 10 10 vg of AAV to DEx50 mice at P4 of age (2.63 × 10 13 vg/kg) yielded widespread expression of the virus in the heart, triceps, gastrocnemius-plantaris, quadriceps, and diaphragm, as shown by Western blot for Cas9 ( fig. S15 ). T7EI assays performed in the tibialis anterior muscle, diaphragm, and heart muscles revealed mutagenesis of the Dmd-targeted locus after systemic delivery of AAV9-Cas9/ sgRNA-51 ( fig. S16A) .
To characterize the mutations generated after systemic delivery of Cas9 and sgRNA-expressing AAV9 vectors to DEx50 mice, we performed DNA amplicon deep-sequencing analysis of heart muscle DNA samples. Deep sequencing of the targeted region showed that, on average, 21% of total reads contained changes at the targeted genomic site ( fig. S16B) . Moreover, 7.9% of identified mutations contained an adenosine insertion, as seen in the other analyses. In addition, the deletions identified covered the ESE site and splice acceptor region of exon 51 ( fig. S16B ). RT-PCR products of RNA from the cardiac muscle of DEx50 mice injected with Cas9 and sgRNA-expressing AAV9 vectors revealed splicing events from exons 49 to 52 ( fig. S16C, lower band) . To investigate whether the cardiac muscle contained reframing events similar to those in the skeletal muscle, we performed deep sequencing of the upper band containing nonedited cDNA product and potential reframed cDNA products from the cardiac muscle. Sequencing results indicated that 66.8% of total reads contained reframed cDNA products with an adenosine insertion, 24.89% contained nonedited cDNA product, and the rest contained small deletions and insertions ( fig. S16D ).
Rescue of muscle structure and function after systemic AAV delivery of Cas9 and sgRNA-51 Systemic delivery of AAV9-Cas9 and AAV9-sgRNA-51 to P4 DEx50 mice yielded widespread dystrophin expression in the heart, triceps, tibialis anterior muscle, and diaphragm at 4 and 8 weeks after injection (Fig.  5 and fig. S17 ). Western blot analysis confirmed the restoration of dystrophin expression in the skeletal and heart muscles ( Fig. 6A and fig.  S17 ). H&E staining of multiple skeletal muscles showed that histopathologic hallmarks of muscular dystrophy, such as necrotic myofibers, were also largely corrected 4 and 8 weeks after delivery of AAV9-Cas9 and AAV9-sgRNA-51 ( Fig. 6B and figs. S17 to S19). Grip strength testing also showed a significant increase in muscle strength of DEx50 mice at 4 weeks after intraperitoneal injection of AAV9-Cas9/sgRNA-51 compared with DEx50 control mice receiving AAV9-Cas9 alone (wild-type control, 92.6 ± 1.63; DEx50 control, 50.5 ± 1.85; DEx50-AAV9-Cas9/sgRNA-51, 79.7 ± 2.63; P < 0.05) (Fig. 6C) . Consistently, AAV9-Cas9/ sgRNA-51 gene-edited DEx50 mice also showed significant reductions in serum CK concentrations compared with DEx50 control mice (P < 0.05; Fig. 6D ).
Dystrophin assembles a series of proteins into the dystrophinassociated glycoprotein complex, which links the cytoskeleton and extracellular matrix. In DEx50 mice, mdx mice, and DMD patients, these proteins are destabilized and fail to appropriately localize to the subsarcolemmal region (4, 5) . In contrast, immunostained muscle sections of gene-edited DEx50 mice showed recovery of the dystrophin-associated glycoprotein complex proteins a-sarcoglycan and b-dystroglycan in AAV9-Cas9/sgRNA-51-treated mice, but not in DEx50 control mice treated with AAV9-Cas9 alone without sgRNA-51 (Fig. 7) . We concluded that single-cut genomic editing using AAV9-Cas9 and AAV9-sgRNA-51 was highly efficient at restoring dystrophin expression, dystrophin-associated glycoprotein complex proteins, and muscle function after systemic delivery to P4 DEx50 mice.
DISCUSSION
The results of this study establish DEx50 mice as a new mouse model representing a prominent mutational hotspot associated with DMD in humans. The DEx50 mice will serve as a valuable tool for testing many different strategies for amelioration of DMD pathogenesis. Our results revealed that the systemic delivery of AAV9 encoding a sgRNA directed against a region adjacent to the splice acceptor sequence of exon 51 in young mice efficiently restored dystrophin expression and prevented the onset of DMD histopathology and loss of muscle function. This optimized approach allowed for the restoration of dystrophin expression in up to 90% of skeletal myofibers, as well as efficient expression in cardiomyocytes.
Previously, we used AAV9 with a minicytomegalovirus (miniCMV) promoter to individually direct the expression of SpCas9 and two sgRNAs directed against exon 23 in mdx mice (15) . The successful excision of exon 23 required that muscle nuclei received all three viruses simultaneously (AAV9-Cas9 and two AAV9-sgRNAs), as well as two concurrent cuts in the genomic DNA surrounding the mutant exon. Here, we optimized our approach by using the CK8e promoter to drive the expression of SpCas9 specifically in muscle nuclei. We also changed our sgRNA strategy of correction such that introduction of indels in the splice acceptor site region allowed reframing of exon 51 with a single DNA cut. We also used three different promoters to drive the expression of the single exon 51 sgRNA. Combining these modifications significantly enhanced the efficiency of gene correction.
Recently, the excision of large genomic regions encompassing mutational hotspots in the Dmd locus using pairs of sgRNAs to direct CRISPR/ Cas9 cutting has been reported (19, 35) . Correction of DMD mutations by reframing and exon skipping using a single sgRNA against a genomic sequence in the close vicinity of the intron-exon region offers several advantages over the use of multiple sgRNAs to introduce two DNA cuts and excision of relatively large intervening genomic sequences. The single sgRNA gene editing approach requires minimal modification of the genome to induce reframing events and exon skipping that lead to restoration of the reading frame. Therefore, a single cut within the vicinity of the intron-exon junction and splice acceptor region is sufficient to induce exon skipping and reframing, thereby increasing the efficiency of correction of dystrophin. Thus, to bypass mutant exons, it is not necessary to simultaneously introduce two cuts separated by large intervening genomic regions. Simply targeting essential splice acceptor and enhancer regions within the exon mitigates possible genomic rearrangements or insertions that might result from deletion of large genomic regions. In addition, this method can potentially be adapted to the editing of any exon by generating a sgRNA that targets the exon sequence and allows potential reframing of the exon or skipping by deletion of essential splicing sequences, such as highly conserved ESE sequences. Finally, the use of a single sgRNA reduces the likelihood of OT effects that might be incurred with multiple sgRNAs. It should also be pointed out that DNA repair of indel mutations can often restore the correct DNA sequence, thereby rendering the initial DNA cut ineffective. However, proper DNA repair recreates the original PAM site, enabling Cas9 to cut again until the PAM site or target sequence is eliminated. This reiterative cutting allows for more efficient editing of a single site, compared with editing two separate genomic sites separated by a distance. A large fraction of edited Dmd alleles contained a single adenosine insertion at the same position in mouse and human cells. This adenosine insertion restored the dystrophin open reading frame without exon skipping. Thus, whereas skipping of exon 51 removed 78 amino acids within the rod domain of the dystrophin protein, the adenosine insertion allowed the retention of exon 51-encoded sequence that would otherwise be deleted. This finding might be explained by a phenomenon known as the A rule, in which an adenosine is preferentially inserted at sites of double-strand DNA breaks (36) .
Because the CK8e regulatory cassette is active only in differentiated muscle cells and not in myoblasts or satellite cells (37, 38) , we conclude that the efficient reading frame correction in DEx50 mice with AAV9 delivery of gene editing components reflected transduction of (C) WT-CTL mice, DEx50 control mice, and DEx50 mice treated with AAV9-Cas9/sgRNA-51 (DEx50-AAV9-sgRNA-51) were subjected to grip strength testing to measure muscle performance (grams of force) that was normalized by body weight (BW). (D) Serum CK was measured in WT-CTL, DEx50-CTL, and DEx50-AAV9-sgRNA-51 mice. n = 5. Asterisk indicates nonspecific immunoreactive bands. Data are represented as means ± SEM. Significant differences between conditions are indicated by asterisk. ***P < 0.0005 using unpaired two-tailed Student's t tests. Scale bars, 50 mm.
myofibers, rather than of satellite cells. As a multinuclear tissue, skeletal muscle may allow for efficient restoration of missing gene products after gene editing, even when only a small subset of nuclear genomes are edited (39) . Similarly, adult cardiomyocytes are commonly polyploid, providing multiple genomic targets for gene editing in each cell.
Previous studies indicated that AAV6, AAV8, or AAV9 vectors do not transduce satellite cells (40) , but Wagers and colleagues found that AAV9 could target these stem cells with modest efficiency (18) . Future comprehensive analysis should be performed to investigate the potential contribution of muscle satellite cells to gene-edited skeletal muscle. Nevertheless, the efficient correction of dystrophin in the heart, which lacks an endogenous stem cell population (41) , indicates that gene editing occurs efficiently in postmitotic muscle cells. Efficient cardiac dystrophin correction is especially important, because dilated cardiomyopathy due to the lack of dystrophin in cardiomyocytes is the primary cause of death of DMD patients. Our findings demonstrate that CRISPR/Cas9-mediated gene editing in vivo in young mice before the onset of the acute necrotic phase of the disease preserves muscle structure and function and prevents disease progression. In addition, histological and Western blot analyses of muscles at 8 weeks after injection demonstrated that dystrophin expression persisted and progressively increased. From a potential therapeutic perspective, early intervention would be the most effective approach to slow progression of this disease.
Off-target effects have been raised as a potential concern for gene editing in vivo. The use of the CK8e promoter, which allowed for highly muscle-specific expression of gene editing components, may minimize possible off-target toxicities in nonmuscle tissues. In this regard, skeletal muscle and the heart represent potentially attractive tissues for in vivo gene editing, especially with respect to possible oncogenic off-target effects, because these tissues are permanently postmitotic.
Several therapeutic approaches have been taken to restore dystrophin expression through exon 51 skipping in boys with DMD (42) . Most recently, systemic delivery of an oligonucleotide that masks the exon 51 splice acceptor, referred to as eteplirsen, was approved for clinical use despite less than a 1% increase in dystrophin protein expression (43) (44) (45) . Whereas many safety and efficacy challenges remain with respect to translating AAV9-mediated delivery of gene editing components for the correction of DMD, it is noteworthy that this approach allowed nearly complete restoration of dystrophin-positive myofibers within 4 weeks in DEx50 mice.
Among the more than 4000 DMD mutations (25) , gene editing of exon 51 could potentially restore the open reading frame in 13 to 14% of DMD patients who harbor different types of mutations, including deletions of single or multiple exons, missense mutations, or duplications. Because skipping or reframing exon 51 results in small in-frame deletions of the dystrophin protein, this strategy represents a potential means of converting the lethal DMD to a milder BMD. This study has several limitations that will need to be addressed in future research, including the lack of data regarding the consequences of long-term expression of Cas9 in vivo. In addition, the longevity of rescue and possible immunological responses to Cas9 and to dystrophin protein in DMD patients (42) will eventually need to be addressed. Finally, it remains to be determined whether AAV delivery of gene editing components can be sufficiently scaled up to larger animals and, ultimately, patients with DMD.
Correcting DMD mutations by CRISPR/Cas9-mediated exon reframing and skipping is distinct from other potential therapeutic strategies that have been applied to DMD. In principle, this approach eliminates the disease-causing mutation after a single treatment and expresses the edited DMD gene under the endogenous cis-regulatory elements, thus allowing for proper temporal and spatial regulation throughout life. Finally, whereas here we have used DEx50 mice as a platform for optimizing CRISPR/Cas9-mediated genomic editing, these mice should also be useful to the scientific community for testing other strategies for correcting the most predominant human DMD mutation.
MATERIALS AND METHODS

Study design
The objectives of the present study were to generate a DMD mouse model that mimics the most common human mutational hotspot and to identify the most efficient way to correct the mutation by gene editing. Male mice were used in all experiments. Animals were allocated to experimental groups based on genotype; we did not use exclusion, randomization, or blinding approaches to assign the animals for the experiments. AAV injection and dissection experiments were conducted in a nonblinded fashion. The sample sizes were determined on the basis of previous experience. Blinding approaches were used during grip tests and CK analysis. For each experiment, sample size reflects the number of independent biological replicates and was provided in the figure legend. In general, sample size was chosen to use the least number of animals to achieve statistical significance, and no statistical methods were used to predetermine sample size.
Mice
Mice were housed in a barrier facility with a 12-hour light/dark cycle and maintained on standard chow (2916 Teklad Global). DEx50 mice were generated in the C57/BL6J background using the CRISPR/Cas9 system. Two sgRNAs specific to the intronic regions surrounding exon 50 of the mouse Dmd locus were cloned into vector pSpCas9(BB)-2A-green fluorescent protein (GFP) (PX458) (Addgene plasmid #48138) using the primers from table S2. For in vitro transcription of sgRNAs, T7 promoter sequence was added to the sgRNA template by PCR using the primers from table S3. Gel-purified PCR products were used as templates for in vitro transcription using the MEGAshortscript T7 Kit (Life Technologies). sgRNAs were purified by MEGAclear Kit (Life Technologies) and eluted with nuclease-free water (Ambion). The concentration of sgRNA was measured by a NanoDrop instrument (Thermo Scientific). Injection procedures were performed as described previously (16) . DEx50 mice were backcrossed with C57/ BL6J mice for more than three generations. Littermates were screened by genotyping.
Study approval
All experimental procedures involving animals in this study were reviewed and approved by the University of Texas Southwestern Medical Center's Institutional Animal Care and Use Committee.
sgRNA identification, evaluation, and cloning Dmd exon 51 sgRNAs were selected using crispr.mit.edu; these are listed in table S3. sgRNA sequences were cloned into Addgene plasmid #48138 (a gift from F. Zhang). sgRNAs were tested in tissue culture using 10T1/2 cells as previously described (16) before cloning into the rAAV9 backbone.
Cas9 plasmid
The pSpCas9(BB)-2A-GFP (PX458) plasmid was a gift from F. Zhang (Addgene plasmid #48138) (46) and contains the human codonoptimized SpCas9 gene with 2A-EGFP and the backbone of sgRNA. pGL3-CK8e plasmid has been previously described (33) . A full description of this small regulatory cassette will be reported elsewhere.
To generate the AAV9-CK8-Cas9 vector, the AAV9-miniCMVCas9-shortPolyA (16) plasmid was digested with Pac I and Nhe I enzymes to remove the miniCMV promoter. The CK8e regulatory cassette was amplified from pGL3-CK8e plasmid using primers containing the Pac I and Nhe I sites, sequenced, and cloned into linearized vectors to generate the AAV9-CK8e-Cas9-shortPolyA plasmid.
sgRNA assembly in AAV9 backbone Cloning of sgRNA was done using a Bbs I site. Assembly of the AAV9 TRISPR backbone cloning system relies on two consecutive steps of the Golden Gate Assembly (New England Biolabs). In the first step of assembling the sgRNA into the donor plasmid, annealing of oligonucleotides was performed by heating a reaction containing 2.5 ml of each oligo (0.5 mM), 5 ml of NEBuffer 2 (NEB), and 40 ml of ddH 2 O to 95°C for 5 min using a heating block. For the assembly reaction into the donor plasmid, 40 fmol (~100 ng) of destination backbone was mixed with 1 ml of annealed, diluted oligos, 0.75 ml of Esp3I (Thermo Scientific), 1 ml of buffer tango (Thermo Scientific), 1 ml of T4 DNA ligase (400 U/ml) (NEB), and ATP (adenosine 5′-triphosphate) and DTT (dithiothreitol) at a final concentration of 1 mM in 10-ml total volume. Using a thermocycler, PCR was performed for 25 to 50 cycles at 37°C for 3 min followed by 20°C for 5 min. Restriction enzyme and ligase were then denatured by heating to 80°C for 20 min. Three microliters of this reaction was used for transformation of chemo-competent bacteria, which were recovered in super optimal broth with catabolite repression (SOC) (37°C, 800 rpm, 40 min) and spread on LB agar plates containing chloramphenicol (25 mg/ml). Annealed oligonucleotides encoding for the sgRNA were cloned into donor plasmids that carry the negative selection marker ccdB (to reduce background during cloning) and the chloramphenicol resistance gene.
To test for correct assembly, the plasmid was sequenced using the primer Dono-R-5′-GTATGTTGTGTGGAATTGTGAG-3′. In the second step, three of these donor plasmids driving the expression of one sgRNA under transcriptional control of the U6, H1, or 7SK promoter were pooled in a second Golden Gate Assembly along with a recipient plasmid that carries AAV9 inverted terminal repeats (ITRs). The assembly reaction contained all four plasmids: donor plasmid-#1-U6-sgRNA, donor plasmid-#2-H1-sgRNA, donor plasmid-#3-7SK-sgRNA, and recipient plasmid containing the ITR. Digestion with Bbs I generated unique overhangs for each fragment (U6, H1, 7SK, and recipient backbone). During the ligation procedure, these overhangs annealed; a circularized plasmid was only obtained when the three cassettes matched each other.
AAV9 delivery to DEx50 mice
Before the AAV9 injections, the DEx50 mice were anesthetized by intraperitoneal injection of ketamine and xylazine anesthetic cocktail. For intramuscular injection, the tibialis anterior muscle of P12 male DEx50 mice was injected with 50 ml of AAV9 (1 × 10 12 vg/ml) preparations or with saline solution. For intraperitoneal injection, the P4 DEx50 mice were injected using an ultrafine needle (31 gauge) with 80 ml of AAV9 preparations corresponding to 2.67 × 10 13 vg/kg or with saline solution.
Statistics
Values are presented as means ± SEM. Differences between the respective two groups (wild-type and DEx50 mice, wild-type and DEx50-AAV9 mice, and DEx50 control and DEx50-AAV9 mice) were assessed using unpaired two-tailed Student's t tests. P < 0.05 was regarded as significant. Statistical analysis was performed in Excel (Microsoft).
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